Background: Patient-reported outcomes (PRO) and clinical outcomes give a broad assessment of relapsing-remitting multiple sclerosis (RRMS) disease. Objective: The aim is to evaluate the effectiveness of delayed-release dimethyl fumarate (DMF) on disease activity and PROs in patients with RRMS in the clinic. Methods: PROTEC, a phase 4, open-label, 12-month observational study, assessed annualized relapse rate (ARR), proportion of patients relapsed, and changes in PROs. Newly diagnosed and early MS ( 3.5 EDSS and 1 relapse in the prior year) patient subgroups were evaluated.
Introduction
The debilitating character of multiple sclerosis (MS) makes the assessment of quality of life (QoL) and patient-reported outcomes (PROs) very important to the patient, their families, and healthcare providers. PROs are valuable tools for assessing disease states and the effects of treatments from the patients' perspective, allowing direct feedback on their wellbeing and the impact of treatment on their health. PROs can provide a broader overall assessment of MS disease state and progression than clinical and Patients with RRMS have better long-term outcomes when treated early with therapy controlling disease activity. 11 In post hoc analyses, efficacy in patients with early MS, including newly diagnosed patients, was consistent with the overall study populations. 8, 12 This analysis presents the primary outcome results from PROTEC (NCT01930708), a 12-month observational study that evaluated DMF's effectiveness on disease activity and PROs in patients with RRMS in a real-world clinical setting. An exploratory endpoint subgroup analysis evaluated DMF's effectiveness in newly diagnosed and other patients with early MS in PROTEC.
Materials and methods
Study design PROTEC was a phase 4, open-label, single-arm, observational, multicenter study conducted in Europe and Canada from October 2013 to March 2016. Patients received the approved dosage of DMF orally, 120 mg twice daily during the first week and 240 mg twice daily thereafter. Relapses, Expanded Disability Status Scale (EDSS), and adverse events (AEs) were evaluated at scheduled and unscheduled visits. PROs were assessed at clinic visits scheduled at Baseline, 3, 6, and 12 months after DMF treatment initiation. The EDSS scores 13 ranged from 0.0 (normal) to 10 .0 (death due to MS). Patients were assessed for relapses over the 12 months prior to DMF initiation.
Patients
Patient eligibility criteria included: age !18 years, diagnosis of RRMS, and no prior treatment with DMF or second-line MS therapies (e.g. natalizumab, fingolimod, alemtuzumab). Exclusion criteria included pregnancy or risk of pregnancy (unless approved by Investigator), currently receiving other RRMS therapies (e.g. interferon-b, glatiramer acetate, or teriflunomide), hypersensitivity to DMF active component, or current enrollment in other clinical trials, other than Pregnancy Exposure Registry or other non-conflicting studies. Patients discontinued DMF if their lymphocyte counts were < 0.5 Â 10 9 /l for 24 weeks.
Primary and secondary endpoints
The primary endpoint reported ARR 12 months after DMF treatment in patients with RRMS. The secondary endpoints evaluated mean changes in PRO scores from Baseline over 12 months; proportion of patients with confirmed 24-week EDSS progression at 12 months after enrollment; ARR over 12 months before enrollment and at 12 months after enrollment; proportion of patients relapsed at 12 months after enrollment; proportion of patients with relapses associated with intravenous steroid use; and proportion of patients who report taking the prescribed DMF dose, overall percent adherence, and reasons for not taking full dose over a 12-month period. Additional outcomes included association between health care resource utilization and disease activity with PROs over a 12-month period, and association between patient-reported adherence and PROs over a 12-month period.
Patient-reported outcomes
For assessment of DMF impact on PROs, patients completed the following instruments (language translated). The PRIMUS-Activity Limitations questionnaire was not completed in Portugal due to lack of available local translation. The Multiple Sclerosis Impact Scale (MSIS-29) measures the physical (20 items) and psychological (nine items) impact of MS on the patient's previous 2-week day-to-day life. 14, 15 The Modified Fatigue Impact Scale 5-Item (MFIS-5) consisted of five items describing how fatigue affected a person. 16 17 only patients with previous treatment were assessed for TSQM-14. EuroQol5D 5 level version (EQ-5D-5L) included two components: the EQ-5D, a descriptive system of the patient's health state profile in five dimensions (mobility, self-care, usual activities, pain/discomfort, and anxiety/depression), and the EQ-5D VAS, a quantitative measure in which patients described their health on that day on a scale from 0 to 100. 18 For each patient, EQ-5D scores were derived based on value sets for England. 18 Patient-reported Indices for Multiple Sclerosis activity limitations (PRIMUS-Activity Limitations) assessed the patient's ability to perform various activities of daily living during the previous week without the use of aids (e.g. cane, walker, or wheelchair) or assistance (15 items). 19, 20 Work Productivity and Activity Impairment Multiple Sclerosis Version (WPAI-MS) assessed employment status and, during the previous 7 days, hours worked (if employed), hours of missed work due to MS or other reasons, effect on productivity due to MS while working, and activity impairment attributable to health problems (six items); 21 WPAI-MS scores are only reported for patients who were employed at the time of PRO administration. Beck Depression Inventory-Fast Screen (BDI-Fast Screen) evaluated depression in patients with medical illness during the prior 2 weeks (seven items). 22 Early MS subgroups Three early MS subgroups were pre-specified in the statistical analysis plan as an exploratory endpoint: (a) Newly diagnosed: diagnosed with MS 1 year before study entry, naive to approved MS therapies; (b) EDSS: 23 baseline EDSS score 3.5; and (c) Relapse: 1 relapse in the prior year.
Statistical analysis
An MS relapse was defined as new or recurrent neurological symptoms not associated with fever or infection, lasting !24 hours, accompanied by new objective neurological findings upon examination by the Investigator, followed by 30 days of stability or improvement (new or recurrent neurological symptoms that occurred < 30 days following the onset of a protocol-defined relapse were considered part of the same relapse). ARR was calculated as the total number of relapses in a period divided by the total patient-years of exposure in that period. The primary analyses for ARR, proportion of relapse, and PROs were conducted in the primary analysis population, comprising all eligible subjects, who provided signed informed consent, enrolled, and took !1 dose of DMF. Ninety-five percent confidence internals (CIs) of unadjusted ARR and rate ratio were estimated based on robust standard errors derived from an unadjusted Poisson regression model using the generalized estimating equation method. The proportion of patients relapsed from Baseline to 12 months was estimated using the Kaplan-Meier method based on time-to-first-relapse survival distribution. If patients did not experience a relapse prior to DMF discontinuation, they were censored on the last date known to be in the study. Mean and median change in PROs from Baseline to 12 months was assessed using a Wilcoxon signed-rank test; only patients with no missing data were included in the tabulation. The frequency of patients with nonmissing data at each time point was presented. In general, if there was < 15% of missing data at any time point, data for that specific endpoint were imputed and the primary analyses were based on patients with non-missing data. If there was >15% missing data at any time point, analysis was based on a mixed-effects model.
The estimated proportion of patients with 24-week confirmed disability progression was based on the Kaplan-Meier product limit method, up to 52 weeks. Confirmed EDSS disability progression was defined as !1.0 point increase in EDSS from a baseline EDSS !1.0, or !1.5 point increase from a baseline EDSS of 0, or !0.5 point increase from a baseline EDSS !6 and confirmed at 6 months (154 days) after initial progression. Progression could start at a scheduled assessment or relapse assessment during the treatment period but could be confirmed during either the treatment and/or follow-up 24-week period. EDSS assessments during relapse assessments were not used for confirmation. Patients were censored at the earliest of the last EDSS assessment date during the treatment period or the last dose of DMF if they did not have progression.
Analysis methods for the subgroups are consistent with the primary analysis. For the association between change from baseline of the PROs and resource utilization (visit with neurologist: Yes/No) and treatment adherence (!80% vs. < 80%), mixed-model repeated measures method was adjusted for baseline PRO values, baseline EDSS ( 3.5 vs. >3.5), visit and visit by the factor of interest interaction term in the model. All analyses were performed using SAS V R v9.2 or higher (SAS Institute, Cary, NC, USA).
Standard protocol approvals, registrations, and patient consents
The study was approved by central and local ethics committees and conducted in accordance with International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki. All patients provided written informed consent.
Results

Patients
A total of 1105 (1114 enrolled) patients were included in the primary analysis population (Figure 1 ). Most baseline characteristics were similar to the phase 3 pivotal studies; 6,7 however, there were notable differences for PROTEC (Table 1) versus the combined DEFINE/CONFIRM populations 24 for relapses in the year before study enrollment (0.6 vs. 1.3) and percentage of patients with any prior MS medication (77% vs. 48%). Median (min, max) duration of DMF treatment was 12.0 (0.03, 16.3) months; the majority of patients (941/1106, 85%) remained on DMF treatment for >9 months. Mean (SD) overall adherence (weeks with full prescribed dose taken divided by the total 0 weeks during follow-up) was 80 (21%); 16% of patients did not take the full prescribed dose during the study due to side effects.
ARR
Unadjusted ARR at 12 months after DMF treatment initiation was 75% lower than for 12 months before DMF initiation (0.161 vs. 0.643, p < 0.0001; Figure 2 ); and 88% of patients were relapse-free 12 months after DMF initiation versus 48% at 12 months before DMF initiation. A total of 710 relapses were experienced in 579 patients in the 12 months prior to initiating DMF, versus 155 relapses in 135 patients in the 12 months after treatment with DMF. Based on Kaplan-Meier estimates, 88% of patients were relapse-free 12 months after DMF initiation. At 1 year following DMF initiation, 21 (1.9%) patients had 24-week confirmed disease progression prevalence; the cumulative incidence estimated proportion was 2.2% by Kaplan-Meier analysis. Among patients who experienced a relapse requiring IV steroid therapy, 97 (9%) experienced one, 11 (1%) experienced two, and one ( < 0.1%) experienced three relapses. Median (min, max) EDSS scores showed minor improvements from Baseline, 2.0 (0.0, 7.0), to Month 12, 1.5 (0.0, 7.0), p ¼ 0.0136. dose of DMF, 184 were newly diagnosed, 978 in the EDSS 3.5 subgroup, and 993 in the 1 relapse subgroup. Similar to the overall population, ARR at 12 months after DMF initiation was 84% lower than ARR estimated for the 12 months before DMF initiation in newly diagnosed patients, 77% in the EDSS 3.5 subgroup, and 71% in the 1 relapse subgroups, p < 0.0001 for all subgroup (Figure 2(b) ). Based on Kaplan-Meier estimates, the percentages of patients relapse-free 12 months after DMF initiation were 84.2% for newly diagnosed patients, 87.7% in the EDSS 3.5 subgroup, and 88.4% in the 1 relapse subgroup.
PROs
Significant improvements in scores from baseline to 12 months were observed across all early MS subgroups for MSIS-29, MFIS-5, EQ-5D, and EQ-5D VAS (Table 3) .
Safety
Overall, 914 (83%) patients experienced an AE; serious AEs occurred in 41 (4%) patients ( Higher score indicates better outcome; range, 0-30. f Higher score indicates higher impairment and lower productivity; scores are only reported for patients who were employed at the time of PRO administration. g Lower score indicates less severe depressive symptoms; range, 0-21. h Lower score indicates less severe disability symptoms; range, 0-10. the lower limit of normal (0.91 Â 10 9 /l) ( Table 5) , consistent with trial data. 6, 7 Of the 400 patients with !2 post-baseline lymphocyte assessments, 44 (11%) had moderate, persistent lymphopenia (!2 consecutive lymphocyte levels of < 0.8 Â 10 9 /l 180 days apart), and four (1%) had severe, persistent lymphopenia (two consecutive lymphocyte levels of < 0.5 Â 10 9 /l 180 days apart).
Discussion
The results reported are consistent with DMF effectiveness data from other real-world phase 4 studies (RESPOND; NCT01903291), 25 supporting the findings from phase 3 studies of DMF. 6, 7 Unadjusted ARR at 12 months after DMF treatment initiation was significantly lower compared with 12 months before DMF initiation. The majority of patients were relapse-free 12 months after DMF initiation. Safety and tolerability were consistent with the known safety profile of DMF. 3, 4, 6, 7, 24 Lymphocyte counts were similar to those reported in pivotal clinical trials and clinical practice. 6, 7, [26] [27] [28] Statistically significant improvements from baseline to 12 months were observed for the majority of PROs, indicating that DMF is an effective MS treatment from a patient perspective as well as based on classical clinical outcomes.
Clinical significance of PROs scores
In patients with MS and other chronic diseases, a widely used threshold for discrimination of meaningful change in HRQoL is 1/2 SD change in PRO score over 1 year. 29 In a population of patients with RRMS, a !7.50 point worsening was determined to be a practical threshold for identifying a clinically significant change in the physical impact of MS using the MSIS-29 physical score. 30 The threshold for worsening was defined as < -0.074 points for EQ-5D 31 and < -5.5 points for EQ-5D VAS, 32 although these thresholds were not calculated in patients with MS. In this analysis, the mean change was -3.0 for MSIS-29 physical score, 0.02 for EQ-5D, and 3.7 for EQ-5D VAS: statistically significant, although they may not be meaningful clinical changes based on criteria described in previous studies. By the 1/2 SD rule, MFIS-5 (mean -1.7; SD 3.8), TSQM-14 side effects, TSQM-14 convenience, and TSQM-14 global score reached clinically significant change.
Early MS treatment has been associated with a reduction in disease progression. 33, 34 When considering the optimal treatment for reducing disease progression risk in patients with early MS, relapses, MRI lesions, disability progression, and brain volume loss are four key measures of disease activity. 35 For treatment-naïve patients, IFN-b, glatiramer acetate, teriflunomide, and DMF, followed by fingolimod, natalizumab, and alemtuzumab, have been suggested in patients with breakthrough disease activity. 35 ARR and PRO results for the newly diagnosed subgroup and the subgroups with EDSS 3.5 or relapse 1 in the prior year were similar to the overall group, indicating DMF is effective in a broad range of patients.
The results and interpretations are subject to several limitations common to real-world studies, including the observational nature of the study, short duration of follow-up time on DMF, and lack of active comparators. Potential bias arises due to regression to the mean because the majority of patients enrolled had previous experience with disease-modifying therapies (DMTs) for MS. Therefore, familiarity to compliance with treatment and dosage requirements impact the generalizability of results for treatmentnaïve or less adherent patients. Due to the real-world nature of the study, eligibility criteria did not restrict participation to patients with !1 relapse over the 12-month period prior to study entry, as in DEFINE and CONFIRM, rendering it possible that patients in this study had a less severe progression of MS at enrollment. Therefore, these patients may have exhibited lower risk possibly resulting in lower incidence of relapse over the study period, regardless of treatment. The study design may impede researchers dictating when PRO assessments are completed relative to relapses. PRO assessments obtained shortly after relapse have a greater risk of being affected by the relapse compared with PROs obtained with no recent relapse, although comparisons of PRO outcomes in patients with or without relapses during the study found either a marginal difference or no difference in the change from Baseline to Month 12. Missing data from patientreported measures is a limitation of real-world studies; however, mitigating the risk of missing data impacting study results, the proportion of missing data was described and accounted for throughout the statistical analyses. Unfortunately, the influence of patients "not missing at random" may introduce bias in both the estimate and variance for which the sensitivity analysis cannot account. To minimize potential bias due to methods of data collection, case report forms were carefully designed, with clear instructions and training provided to site staff; furthermore, mitigations were carried out if data entry concerns were identified. Finally, the 11.7% of patients who discontinued due to AEs Comparing treatment-satisfaction scores between previously discontinued drugs with treatment-satisfaction scores in drugs not discontinued for !12 months could be biased in favor of DMF purely because of patient selection. Sensitivity analyses were performed for primary and secondary endpoints using patient populations who completed the full study period (completer population), in order to evaluate potential effects of early study withdrawal on analytic results. Results were similar between the completer and analysis populations. Also, since the exclusions criteria were only based on last DMT, the assessment may be limited if patients were on multiple DMTs and omitting the type or strength of DMT.
Conclusions
Overall, the results suggest that DMF may offer an effective treatment option for patients with RRMS, both from a clinical perspective and based on patients' satisfaction with DMF treatment in relation to their personal quality of life, health status, and physical abilities.
